Multidrug resistance protein 1 (MDR1), a phase III drug transporter that exports substrates out of cells, has been discovered in both cancerous and normal tissues. The over expression of MDR1 in cancer cells contributes to multiple drug resistance, whereas the MDR1 in normal tissues protects them from chemical-induced toxicity. Currently, the role of MDR1 in the ovary has not been entirely understood. Our objective is to determine the function of MDR1 in protecting against chemotherapy-induced ovarian toxicity. Using both the in vivo transgenic mouse model and in vitro follicle culture model, we investigated the expression of MDR1 in the ovary, the effect of MDR1 deficiency on doxorubicin (DOX)-induced ovarian toxicity, and the ovarian steroid hormonal regulation of MDR1. Results showed that the MDR1 was expressed in the ovarian epithelial cells, stroma cells, theca cell layers, endothelial cells, and luteal cells. The lack of MDR1 did not affect female ovarian function and fertility; however, its deficiency significantly exacerbated the DOX-induced ovarian toxicity in both in vivo and in vitro models. The MDR1 showed significantly higher expression levels in the ovaries at estrus and metestrus stages than those at proestrus and diestrus stages. However, this dynamic expression pattern was not regulated by the ovarian steroid hormones of estrogen (E2) and progesterone (P4) but correlated to the number and status of corpus luteum. In conclusion, our study demonstrates that the lack of MDR1 promotes DOX-induced ovarian toxicity, suggesting the critical role of MDR1 in protecting female ovarian functions during chemotherapy.
With the significantly improved cancer survival rates in the past several decades, there is now an increased awareness regarding the side effects from anticancer treatments in nontumorous organs (Chabner and Roberts, 2005) . The ovary is the primary female reproductive organ and functions to support hormone secretion and germ cell-oocyte maturation. Ovarian toxicity resulting from chemotherapy is one of the major concerns for young female cancer patients (Morgan et al., 2012) . To date, multiple chemotherapeutic chemicals have been demonstrated to damage ovarian follicles and increase the risk of sub-or in-fertility (Bines et al., 1996; Morgan et al., 2012) .
Multidrug resistance protein 1 (MDR1), also known as ATPbinding cassette transporter B1 (ABCB1) or P-glycoprotein, is a phase III drug transporter that exports substrates out of cells by using energy from ATP hydrolysis (Gottesman and Pastan, 1988) . Humans have one type of MDR1, whereas mice have 2 isoforms, MDR1a and MDR1b. MDR1 was first identified in cancer cells, and its overexpression contributes to anticancer drug resistance by extruding drugs out of tumorous cells (Borst and Schinkel, 2013; Kartner et al., 1985; Riordan et al., 1985) . MDR1 is also expressed in the cells of normal tissues including the blood-brain barrier, liver, small intestine, and kidney (Cordoncardo et al., 1989; Schinkel et al., 1994) , and functions to restrict xenobiotic accumulation in these tissues and thereby protecting them from the chemical-induced toxicity. For example, MDR1a is the main isoform in the blood-brain barrier and mice with an absence of Mdr1a had increased brain accumulation of vinblastine (a chemo-drug for breast and testicle cancer, etc.) and were 100-fold more sensitive to the vinblastine-induced neurotoxicity than the wild type (WT) littermates (Schinkel et al., 1994) . Currently, multiple MDR1 inhibitors are actively investigated to overcome the MDR1-mediated multiple drug resistance in tumor cells (Abraham et al., 2009; Dantzig et al., 1996; Kolitz et al., 2010) . However, the inhibition of MDR1 potentially increases the side effects of chemotherapeutic chemicals in nontumorous tissues.
In the female reproductive system, studies have reported that MDR1 was highly expressed in the pregnant rodent uterine endometrium, vascular endothelial cells, and placenta, and mice lacking MDR1 had increased placental penetration of avermectin (a drug for treating parasitic worms) and the avermectin-induced teratogenicity (Arceci et al., 1988; Huang et al., 2016; Kalabis et al., 2005; Lankas et al., 1998) , suggesting the critical role of MDR1 in protecting fetuses from teratogens during pregnancy. In the ovary, MDR1 has been found in human ovarian epithelium, theca cells, luteal cells, and endothelial cells (Finstad et al., 1990) ; and others have reported that MDR1 was also expressed in the porcine and mouse granulosa cells and oocytes Brayboy et al., 2013 Brayboy et al., , 2017 Fukuda et al., 2006) . The function of MDR1 expressed in the ovary is still poorly understood. Arai et al. (2006) found that the porcine oocytes exhibited MDR1-mediated efflux activity and oocytes in metaphase II (MII) stage had stronger exporting activity than oocytes in the germinal vesicle (GV) stage. However, in human oocytes, another group revealed that GV oocytes were more efficient for the MDR1-mediated efflux than MII oocytes, and the inhibition of MDR1 significantly increased the cyclophosphamide-induced oocyte death (Brayboy et al., 2017) . Using in vitro cultured granulosa cell lines (KK15 immortalized murine granulosa cells), Salih et al. reported that the over expression of MDR1 inhibited the chemotherapy-induced cytotoxicity (Salih, 2011) . These results indicate that MDR1 may play important roles in protecting the ovary from chemotherapyinduced toxicity. However, these studies have relied on in vitro cultured granulosa cells or denuded oocytes without surrounding somatic cells, which do not represent the exposure pattern of the intact ovary or ovarian follicles during chemotherapy. Using a transgenic animal model, Brayboy et al. (2017) reported that mice lacking both MDR1 and breast cancer resistance protein (BCRP) had significantly increased ovarian cell death upon cyclophosphamide exposure, but the deletion of both MDR1 and BCRP is unable to differentiate whether the exacerbated ovarian toxicity is caused by the absence of MDR1 and/or by the absence of BCRP. Doxorubicin (DOX), one of the most commonly used anticancer medications, is a validated MDR1 substrate and has been widely used to study the role of MDR1 in inducing multiple drug resistance in cancerous cells as well as in protecting chemicalinduced toxicity in non-tumorous tissues (Dantzig et al., 1996; Luker et al., 2001) . Our group and others have demonstrated that DOX damaged mitotically active granulosa cells, induced follicle apoptosis, and ultimately disturbed female ovarian function and fertility Ben-Aharon et al., 2010; Kropp et al., 2015; Perez et al., 1997; Roti Roti et al., 2012; Xiao et al., 2017) . Therefore, using both in vivo transgenic mouse model and in vitro follicle culture model, the present study is aimed to determine the function of MDR1 in protecting against DOX-induced ovarian toxicity. This study is critical because the MDR1 inhibitors are being tested to promote the anticancer drug efficacy and human MDR1 genetic variants have also been discovered to affect MDR1 efflux activity (Leschziner et al., 2007) , both of which potentially increase the risk of female ovarian dysfunction and infertility during chemotherapy.
MATERIALS AND METHODS
Animals. Both WT and Mdr1a/b À/À male and female breeders were purchased from Taconic (Taconic, Hudson, NY) which were generated from the FVB/N mouse strain. The mouse breeding colony was maintained in the animal facilities of Northwestern University (NU) and University of South Carolina (USC). All mice were housed in polypropylene cages and provided food and water ad libitum. The animals were kept on a 12-h light/dark cycle (7:00 AM to 7:00 PM) at 23 C 6 1 C with 30%-50% relative humidity. Animals were fed Teklad Global irradiated 2919 or 2916 chow (Madison, WI), which does not contain soybean or alfalfa meal to minimize the exposure to phytoestrogens. All methods used in this study were approved by Institutional Animal Care and Use Committee (IACUC) in NU and USC and correspond to the National Institutes of Health guidelines and public laws. All the animal related experiments were performed in NU except the individual follicle and ovarian explants isolation, culture, and hormone treatment, so the potential influence of animal facility on experimental results could be excluded.
Reverse transcription-qPCR. The expression of Mdr1a and Mdr1b in different female reproductive organs, were examined by quantitative reverse transcription PCR (RT-qPCR) as previously described in Xiao et al. (2017) . Five adult mice at estrus stage were used to avoid the potential influence of ovarian cyclicity on the MDR1 expression in the ovary. Moreover, the expression of Mdr1a and Mdr1b in the ovaries at different stages of estrous cycle and in ovarian explants upon different concentrations of hormone treatment was also quantified by RT-qPCR, with 3-5 mice for each estrous cycle stage and 4 ovarian explants for each hormonal treatment group. Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA). cDNA was reverse-transcribed from 1 mg of total RNA using Superscript III reverse transcriptase with random primers (Invitrogen, Carlsbad, California) . qPCR was performed in 96-well or 384-well plates using SYBR-Green I intercalating dye on ABI 7900 (Applied Biosystems, Carlsbad, CA Histology, immunohistochemistry, and immunofluorescence. The ovary, oviduct and uterus were collected from 3 to 5 prepubertal (days 22-26 before vaginal opening) and 5 adult (8 weeks of age) female mice and fixed in 10% formalin at 4 C overnight, embedded in paraffin, and sectioned at the thickness of 5 lm. Ovarian sections were stained with hematoxylin and eosin (H&E) at every fifth section for histology as previously described in Xiao et al, (2015) . DOX exposure in vivo, superovulation, and TUNEL assay. In humans, the DOX treatment dosage ranges from 8 to 400 mg/m 2 , which are equivalent to 0-10 mg/kg. We have previously demonstrated that DOX has dose-dependent ovarian toxicity and 2-10 mg/kg of DOX significantly disrupts the oocyte reproductive outcomes (Xiao et al., 2017) . To determine whether the lack of MDR1 affects the susceptibility of mice toward DOX-induced ovarian toxicity, 22-day-old WT and Mdr1a/b À/À female mice were intraperitoneally injected once with 0, 0.4, and 2 mg/kg of DOX (Sigma-Aldrich, St Louis, MO) dissolved in 100 ll dimethyl sulfoxide (DMSO, Sigma-Aldrich) or with 100 ll DMSO only as control. The prepubertal mice were selected because we demonstrated that the MDR1 had different expression levels at different stage of estrous cycle ( Fig. 7) . Half of DOX-treated mice were sacrificed 24 h after injection. One side of ovaries were snap frozen for cleaved caspase 3 (C-CASP3) measurement and the other side of ovaries were fixed, embedded, and sectioned as described earlier. Ovarian cell apoptosis was determined by terminal deoxynucleotidyl transferase 2'-Deoxyuridine, 5'-Triphosphate nick end labeling (TUNEL) assay using the DeadEnd Fluorometric TUNEL System (Promega, Madison, MI) following manufacturer's instructions, and the incubation buffer without rTdT enzyme was used as the negative control. The other half of mice underwent superovulation with PMSG and hCG injections and oocytes were collected on day 8 post DOX/vehicle injection, respectively, and the total number of ovulated oocytes and the percentage of MII oocytes were calculated. For the in vivo DOX exposure experiment, 4-6 mice were included in each phenotype and dose group. For TUNEL staining, 5 ovarian sections for each ovary were included.
C-CASP3 measurement. The whole ovary C-CASP3 levels were quantified using Mouse Active caspase-3 ELISA kit (MBS7210856, MyBioSource, San Diego, CA). Ovaries from both WT and Mdr1a/ b À/À mice with different concentrations of DOX exposure were collected as described earlier, rinsed in ice-cold PBS briefly, weighted, and homogenized in 500 ll of PBS on ice. The homogenates were centrifuged for 15 min at 5000 rpm and the supernatant was used for ELISA according to manufacturer's instruction. All samples and standards were run in duplicate and the intensity of color was measured spectrophotometrically at 450 nm in a microplate reader (BioTek, Winooski, VT).
Rhodamine 123 incubation assay. Rhodamine 123 (Rho123) is a validated MDR1 transported fluorescent dye (Forster et al., 2012) , and due to the positive correlation between the MDR1-mediated efflux activity and the cellular Rho123 green fluorescent staining, the Rho123 incubation assay is a valuable tool to determine the MDR1-mediated efflux activity (Altenberg et al., 1994; Lee et al., 1994) . Multilayered secondary follicles with diameter between 150 and 180 lm were mechanically isolated from 16-dayold CD-1 female mice as previously described (Xiao et al., 2015 (Xiao et al., , 2017 . Only follicles with intact theca cell layers and attached stroma cells were selected. The isolated follicles were placed in growth media containing a minimal essential medium (aMEM) Glutamax supplemented with 3 mg/ml BSA (Sigma-Aldrich, St Louis, MO), 10 mIU/ml recombinant follicle-stimulating hormone (from A. F. Parlow, National Hormone and Peptide Program, National Institute of Diabetes and Digestive and Kidney Diseases, Bethesda, MD), 1 mg/ml bovine fetuin (Sigma-Aldrich, St Louis, MO), 5 lg/ml insulin, 5 lg/ml transferrin, and 5 lg/ml selenium (Sigma-Aldrich, St Louis, MO). Follicles were randomly distributed into 2 groups and pre-incubated with 0 and 1 lM of MDR1 inhibitor PSC833 (Abcam, St Louis, MO) in the growth media for 30 mins at 37 C in 5% CO 2 , respectively. The concentration of PSC833 was selected based on previous studies which have demonstrated to effectively inhibit the MDR1-mediated efflux activity (Altenberg et al., 1994; Lee et al., 1994) . Follicles were then treated with 1 lg/ml of Rho123 (ThermoFisher Scientific, Grand Island, NY) in the growth media with and without PSC833 for 30 min at 37 C in 5% CO 2 . The Rho123 green fluorescence was imaged using EVOS FL AUTO microscope at 0, 10, 20, and 30 min and the fluorescent intensity was analyzed using ImageJ (National Institutes of Health, Bethesda, MD). For both control and PSC833 treatment groups, 13-20 follicles for each replicate and 3 replicates were performed.
In vitro follicle encapsulation, culture, and DOX exposure. Multilayered secondary follicles with diameter between 150 and 180 lm from day-16-old WT and Mdr1a/b À/À female mice were isolated as previously described (Xiao et al., 2015 (Xiao et al., , 2017 . Similar to the MDR1 efflux activity test, only follicles which displayed intact theca cell layers and with attached stroma cells were selected. Briefly, follicles were placed in the maintenance media containing 50% aMEM (Glutamax) and 50% Nutrient Mixture (F-12 with Glutamax) with 1% fetal bovine serum (Life Technology, Grand Island, NY) for 2 h before encapsulation. Follicles were then encapsulated individually in 0.5% alginate (NovaMatrix, Sandvika, Norway) as previously described (Xiao et al., 2015 (Xiao et al., , 2017 . Alginate beads were placed individually in 96-well plates, with each well containing 100 ll growth media. For all experiments, follicles were maintained at 37 C. The plasma concentration of DOX for human who received chemotherapy ranges from 2 to 100 nM (Speth et al., 1988; Sturgill et al., 2000) . Therefore, follicles were exposed to DOX at human relevant concentrations of 0, 1, 10, and 100 nM on day 0 for 24 h. Follicles were then washed 3 times for 15 min each with growth media to remove the remaining DOX and were continued in culture for up to 8 days. Half of the growth media (50 ll) was replaced every other day. Follicles were imaged at each media change using an inverted Leica DM IRB microscope with 4Â and 20Â objectives (Leica Microsystems, Buffalo Grove, IL). Follicle diameter was calculated by averaging 2 perpendicular measurements from basement membrane to basement membrane of each follicle in ImageJ software (National Institutes of Health, Bethesda, MD). For each phenotype and DOX exposure group, 12-15 follicles for each replicate and 3 replicates of encapsulated in vitro follicle growth (eIVFG) were performed. Follicles were considered dead if they had unhealthy appearing oocytes and/or granulosa cells, or if the integrity of the oocyte and somatic cell interface was visibly compromised. The follicle growth curves and survival rates on days 0, 2, 4, 6, and 8 were plotted and the lethal concentration 50 (LC50) with 90% CI of DOX on in vitro cultured follicles was calculated.
Ovarian cyclicity assessment, corpus luteum count, and experiments of ovarian steroid hormonal regulation of MDR1. To determine the effect of ovarian estrous cycle and steroid hormones on the expression of Mdr1a and Mdr1b, ovarian cyclicity for adult female mice was assessed by performing daily vaginal smears between 1500 and 1600 h every day and examining the morphology of vaginal epithelial cells and the presence of leucocytes to determine the estrous cycle stage as previously described (Byers et al., 2012; Zhao et al., 2013) . WT female mice with different stages of estrous cycle were sacrificed. One side of ovaries from each mouse was used for RNA extraction and RT-qPCR. The other side of ovaries were fixed, embedded, and sectioned as described above. Ovarian sections were stained with H&E at every fifth section for histology and the number of corpus luteum (CL) was counted and the counts were normalized to the entire ovary. Since the CL can persist across multiple stages of estrous cycle(s) and 1 ovary can contain different developmental status of CLs, we classified the CL into 3 stages: (1) The newly formed CL that was characterized by the small basophilic cells which are morphologically similar to the granulosa cells; (2) the mature CL that was characterized by the plump cell shape and moderate amounts of eosinophilic cytoplasm; and (3) the degenerated CL that was characterized by presence of vacuoles and luteal cell debris (Stocco et al., 2007) . The nonH&E stained sections were selected to perform the IHC for MDR1 staining as described earlier.
To further investigate the hormonal regulation of MDR1, serum was also collected and the E2 and P4 concentrations were measured using ELISA kits (Calbiotech, Spring Valley, CA). The mRNA expression of Mdr1a and Mdr1b in the ovary was correlated to the corresponding levels of serum E2 and P4, respectively, for each mouse. Moreover, the ovaries without CL were collected from prepubertal 16-day-old mice; and the ovaries with CL were collected from superovulated 26-day-old mice treated with PMSG and hCG on 23 and 25 of days of age, respectively. The presence of clusters cumulus-oocyte-complex in the ampulla region of oviduct was used to confirm the successful superovulation induction. Each ovary was cut into 4 even pieces within the dissection medium and 2 quarters of ovarian pieces were placed on a 0.4 lm cell culture insert (EMD Millipore, Burlington, MA) in the 24-well tissue culture plate, with each well containing 500 ll growth media. The ovarian explants were treated with E2 at 0, 1, and 10 pg/ml and with P4 at 0, 1, and 10 ng/ml for 6 h, respectively. Ovarian explants were then collected for total RNA extraction and RT-qPCR to examine the expression of Mdr1a and Mdr1b.
Statistical analyses. The MDR1 gene expression levels, total oocyte number, litter size, Rho 123 fluorescent intensity, C-CASP3 levels, follicle growth, and survival were analyzed using Repeated Measures ANOVA. Categorized data of the MII oocyte percentage were analyzed by the Kruskal-Wallis H test, and the post hoc test was performed to compare the difference between 2 groups if the significant difference was observed. The correlation between the mRNA levels of Mdr1a and Mdr1b and the serum levels of E2, P4, and P4/E2 was analyzed by linear regression method and the coefficient of determination (R 2 ) were calculated. The significance level was set at p < .05.
RESULTS
Expression of MDR1 in the Mouse Female Reproductive System RT-qPCR and IHC were performed to determine the expression of MDR1 in different female reproductive organs. All tissues were collected from adult female mice at estrus stage. RT-qPCR revealed that Mdr1a had significantly higher expression levels in the uterus than that in the ovary and oviduct, whereas Mdr1b showed similar expression levels in all 3 examined organs ( Figure 1A ) . When compared with Mdr1b, the Mdr1a had significantly lower expression levels in the ovary and oviduct but the 2 isoforms had comparable expression levels in the uterus ( Figure 1A ). These results suggest that Mdr1b is the major isoform in the ovary and oviduct and the uterus has similar amount of both 2 isoforms.
Because the isoform-specific antibodies are not commercially available, the rabbit antiMDR1 antibody used for IHC and IF recognized both MDR1a and MDR1b. The kidney was used as positive control and results indicated that MDR1 was highly expressed in the renal tubule cells (Supplementary Figure 1A) . In the ovary, MDR1 is expressed in the epithelial cells, stroma cells, endothelial cells of blood vessels, thecal cell layers, and luteal cells in the ovary (Figs. 1B-D) . MDR1 showed similar expression pattern in the prepubertal ovary except that there was no CL (Supplementary Figure 1C) ; in the adult ovaries at different stages of estrous cycle, there were also similar expression patterns except that MDR1 had higher expression levels in the mature CL but had lower expression levels in the newly formed and degenerated CL, which will be discussed later. In the theca cell layers, the co-staining of MDR1 and a-SMA indicated that MDR1 was detectable in the interna theca cells and endothelial cells of blood vessels but not in the externa smooth muscle cells ( Figure 1E ). In the oviduct, MDR1 was only observed in the endothelial cells of the blood vessels in the stroma and smooth muscle cell layers ( Figure 1F) ; in the uterus, MDR1 was expressed in the apical side of uterine luminal epithelium and the endothelial cells of blood vessels ( Figure 1G ). These results demonstrate that MDR1 is expressed in the female reproductive system and has various expression patterns in different female reproductive organs. Since the primary objective of this study was to determine the role of MDR1 in protecting the ovary from chemotherapy-induced damage, we next focused on the functions of MDR1 in the ovary in the following experiments.
The Lack of MDR1 Did Not Affect Female Mouse Ovarian Function and Fertility
To determine whether the MDR1 deficiency affects female ovarian function and fertility, histology, superovulation, and fertility test were performed in both WT and Mdr1a/b À/À mice. Histology results revealed similar ovarian morphology between WT and Mdr1a/b À/À genotypes in both prepubertal and adult mice (Supplementary Figure 2) . Superovulation results indicated that there were comparable numbers of oocytes retrieved from oviduct between the 2 phenotypes of mice, with 36.0 6 4.3 oocytes per WT mouse and 37.7 6 3.1 oocyte per Mdr1a/b À/À mouse, respectively ( Figure 2A ). The percentage of oocytes had polar body extrusion and reached MII stage were also similar, with 91.2% 6 1.9% for WT mice and 90.4% 6 2.6% for Mdr1a/b À/À mice, respectively ( Figure 2B ). In fertility test, we counted the number of pups delivered by each mom for 4 mating rounds. Results indicated that the WT and Mdr1a/b À/À female mice had comparable litter size, gestation period, and sex ratio during the testing mating period ( Figure 2C ). Taken together these results demonstrate that the lack of MDR1 does not affect the examined ovarian reproductive outcomes and overall fertility.
The Lack of MDR1 Exacerbated DOX-Induced Ovarian Toxicity In Vivo
To determine whether the lack of MDR1 affects the susceptibility of female mice toward DOX-induced ovarian toxicity, WT and Mdr1a/b À/À female mice were treated with DOX at 0, 0.4, and 2 mg/kg body weight and various ovarian reproductive outcomes were assessed. TUNEL-staining results indicated that the DOX dose-dependently induced follicle apoptosis and the Mdr1a/b À/À ovaries had more apoptotic signals compared with WT ovaries treated with the same dosages of DOX ( Figure 3A) . To further examine the DOX-induced ovarian cell apoptosis in these 2 phenotypes, C-CASP3, a well-defined cell apoptotic marker, was quantified; and superovulation, a good indicator of follicle health and oocyte quality, was performed. Consistent with the TUNEL-staining results, DOX dose-dependently increased ovarian C-CASP3 levels and reduced the number of superovulated oocytes in WT mice (Figs. 3B and 3C in black color). When compared with WT mice with the same dosage of DOX exposure, the Mdr1a/b À/À mice with 0.4 mg/kg of DOX treatment had significantly decreased number of superovulated oocytes ( Fig. 3B and 3C in red color); when the mice were treated with DOX at 2 mg/kg, both C-CASP3 levels and superovulation outcomes in Mdr1a/b À/À mice were more severely compromised compared with those in WT mice (Figs. 3B and 3C in red color). These results indicate that the lack of MDR1 exacerbates DOXinduced ovarian toxicity.
Ovarian Follicles Exhibited MDR1-Mediated Efflux Activity
We next determined whether the MDR1 detected in ovarian cells exerts efflux activity and prevent the follicular cell influx and accumulation of its substrate, Rho123. Specifically, follicles were mechanically isolated, incubated with and without MDR1 inhibitor-PSC833, and stained with the MDR1 transported substrate-Rho123. As we detected the positive expression of MDR1 in stroma cell and theca cell layers, only follicles which displayed intact theca cell layers and with attached stroma cells were selected. In the follicles without MDR1 inhibitor treatment, the fluorescence intensity of Rho123 was gradually increased and the intensity in somatic cells was higher than that in oocytes ( Figure 4A and black line in Figure 4B ). Follicles treated with MDR1 inhibitor showed similar staining pattern, however, the green fluorescent intensity was significantly increased compared with follicles without inhibitor treatment at all the examined time points (10, 20, and 30 mins, respectively, Figure 4A and red line in Figure 4B ), suggesting that the ovarian follicles could prevent the influx of Rho123 or pump Rho123 out of follicular cells which is mediated by MDR1.
The MDR1 Deficiency Exacerbated DOX-Induced Ovarian Toxicity In Vitro The DOX exposure has been reported to result in a significantly reduced body weight and damages in other organs such as heart and liver in female mice (Desai et al., 2013) . Therefore, we next used the eIVFG method to determine whether the DOX-induced exacerbated ovarian toxicity in Mdr1a/b À/À mice is caused by the MDR1 deficiency in the ovary or requires the global MDR1 depletion and DOX-induced systemic toxicity. Both WT and Mdr1a/b À/À follicles were isolated, cultured, and exposed to different levels (0-100 nM) of DOX for analysis. Similar to the MDR1 efflux activity assay, only follicles which displayed intact theca cell layers and with attached stroma cells were selected.
In both WT and Mdr1a/b À/À follicles without DOX treatment, the alginate encapsulation supported follicle growth from multilayered secondary stage to antral stage, with the follicle diameter increased from 167.7 6 20.9 lm on day 0 to 320.7 6 21.9 lm on day 8 for WT follicles and 159.0 6 14.8 lm on day 0 to 319.1 6 23.8 lm on day 8 for Mdr1a/b À/À follicles, respectively (Figs. 5A
and 5B). The follicle survival rates on day 8 were also comparable when there was no DOX treatment (93.2% 6 8.0% and 92.9% 6 7.9 in WT and Mdr1a/b À/À follicles, respectively, Figs. 5C and 5D). These results confirm the in vivo results that the lack of MDR1 does not affect the ovarian function (Figure 2 ). Consistent with our previous results (Xiao et al., 2017) , DOX at both 1 and 10 nM did not affect the WT follicle health but 100 nM of DOX significantly inhibited the follicle growth and decreased the follicle survival rate (Figs. 5A and 5C ). In the Mdr1a/b À/À follicles treated with DOX at 1 nM, the follicle growth and survival rate were not significantly different from the WT follicles treated with DOX at 1 nM and Mdr1a/b À/À follicles without DOX treatment. However, when follicles were treated with DOX at 10 nM, the Mdr1a/b À/À follicle had significantly inhibited follicle growth and decreased survival rate compared with WT follicles with the same dosage of DOX treatment ( Figure 5 ). Though 100 nM of DOX significantly affected the follicle growth and survival in both phenotypes of follicles, the Mdr1a/b À/À follicles exhibited significantly more severe damage patterns than the WT follicles, with survival rates at 23.85% VS 12.3% for WT and Mdr1a/b À/À follicles, respectively (p ¼ 0.013, Figure 5 ). Furthermore, the LC50 of DOX on WT and Mdr1a/b À/À follicles was 68.4 nM (95% CI: 58.3-78.5 nM) and 12.7 nM (95% CI: 7.9-17.5 nM), respectively. These data demonstrate that the MDR1 deficiency in ovarian follicles promotes DOX-induced toxicity in vitro and the exacerbated DOXinduced ovarian toxicity in Mdr1a/b À/À mice does not require the MDR1 deletion in other non-ovarian tissues as well as the DOX-induced systemic toxicity.
The Expression of MDR1 in the Ovary Was Not Regulated by the Ovarian Steroid Hormones But Correlated to the Number and Status of CL
To characterize the hormonal regulation of MDR1 in the mouse ovary, RT-qPCR was performed to examine the expression of Mdr1a and Mdr1b in the ovaries at different stages of estrous cycle. Consistent with the results in Figure 1A , Mdr1a had much lower expression levels than Mdr1b ( Figure 6A ). Mdr1a and Mdr1b showed similar transcriptional patterns in the ovaries at different stages of estrous cycle with significantly higher expression levels at the estrus and metestrus stages than those at the proestrus and diestrus stages ( Figure 6A ). The serum concentrations of E2 and P4 were quantified by ELISA to further determine their influence on the MDR1 expression in the ovary. No significant associations were observed between the expression of both 2 MDR1 isoforms and the serum levels of E2 (top 2 figures of Figure 6B) , and between the expression of Mdr1a and serum level of P4 (bottom left figure of Figure 6B ). However, the expression of Mdr1b was positively correlated with the serum levels of P4 (with R 2 at 0.62, bottom right figure of Figure 6B ), Moreover, we also found that the Mdr1a and Mdr1b mRNA levels were positively associated with the P4/E2 ratios (with R 2 at 0.56 and 0.77 for Mdr1a and Mdr1b, respectively, Figure 6C ) which are indicator for the function of CL (Elgindy, 2011; Kamada et al., 1992; Lee et al., 2009) . To further examine the hormonal regulation of E2 and P4 on the expression of MDR1 in the ovary, ovarian explants with and without CL were treated with physiologically relevant levels of E2 and P4 in vitro, RT-qPCR results indicated that the ovarian explants with CL had comparable levels of Mdr1a and significantly higher levels of Mdr1b than the tissues without CL ( Figure 7A ). However, both E2 and P4 exposures did not change the expression of MDR1 in neither ovarian tissue with CL nor without CL ( Figure 7A ). These results suggest the changes of MDR1 expression in the ovary is not regulated by the ovarian steroid hormones but may be caused by the highly expressed MDR1 in luteal cells and the different number and status of CL at various stages of estrous cycle. To confirm this hypothesis, IHC was performed to examine the expression of MDR1 in the ovaries at different stages of estrous cycle. Results indicated that MDR1 had similar expression levels in the stromal cells and theca cell layers at all stages of estrous cycle, however, it was highly expressed in the mature CL but was significantly lower in the newly formed and degenerated CL ( Figure 7B ). We also quantified the various status of CL in the ovaries at different stages of estrous cycle. Consistent with both RT-qPCR and IHC results (Figs. 6A and 7B ), the expression levels of MDR1 in the ovary was not correlated to the total number of CL but had the same pattern with the average number of mature CL at different stages of estrous cycle ( Figure 7C , R 2 ¼0.82). Taken together, these results demonstrate that the different expression levels of MDR1 in the ovary is caused by the dynamic number and status of CL at different stages of estrous cycle.
DISCUSSION
MDR1, one of the most important efflux membrane transporter is expressed in both cancerous cells and normal tissues. In cancerous cells, although the underlying mechanism is not entirely understood, the overexpression of MDR1 is believed to be one of the major reasons to cause multidrug resistance during chemotherapies. Specifically, MDR1 functions as an efflux pump by exporting substrates from intracellular to extracellular compartment of the cell plasma membrane, which results in the lack of enough intracellular drug concentrations to kill tumorous cells (Takara et al., 2006) . In normal tissues, MDR1 functions to protect these tissues/cells from toxic compound accumulation and their subsequent toxicities (Amin, 2013; Fojo et al., 1987) . In the current study, we demonstrate that MDR1 is positively expressed in the female reproductive system including the ovary, oviduct, and uterus and the lack of MDR1 does not affect female fertility but promotes the DOX-induced ovarian toxicity.
The physiological function of MDR1 was first discovered by Schinkel et al. (1994) who detected the positive expression of MDR1 in the endothelial cells of the capillaries of blood-brain barrier. Moreover, MDR1 has also been detected in the hepatocytes in the liver, epithelial cells of small intestines and renal tubules of kidney, and syncytiotrophoblast of placenta (Sun et al., 2006; Thiebaut et al., 1987) . Our study showed that MDR1 was expressed in the epithelial cells, theca cell layers, stroma cells, luteal cells, and endothelial cells in the ovary. However, there was no MDR1 detected in the oocytes and granulosa cells in the ovaries at all stages of estrous cycle (Figs. 1 and 7) . These results are consistent with the findings in a study that examined the MDR1 in human female reproductive tissues (Finstad et al., 1990) , but are different from other studies which reported the positive expression of MDR1 in oocyte and granulosa cells Brayboy et al., 2013 Brayboy et al., , 2017 Fukuda et al., 2006) . With respect to the oocyte, one possible reason could be the species difference because the previous studies examined MDR1 in porcine and human oocytes but we use the mouse model Brayboy et al., 2013) . For the granulosa cells, consistent with the results from a previous study (Brayboy et al., 2017) , we also find that MDR1 is highly expressed in the luteal cells and stroma cells (Figure 1 ). However, we didn't detect any positive MDR1 signals in the granulosa cells from both prepubertal ovary and ovaries at all stages of estrous cycle (Figs. 1 and 7, and Supplementary Figure 1C) . Moreover, Salih et al. found that the overexpression of MDR1 attenuated the DOXinduced cytotoxicity in KK15 immortalized murine granulosa cells in vitro (Salih, 2011) . In their study, the expression of MDR1 in these granulosa cells were not naturally expressed but induced by the retrovirus-mediated transfection method. Furthermore, it is also possible that the in vitro cultured granulosa cells are luteinized because it has been previously reported that the immortalized granulosa cells expressed higher levels of luteinizing hormone receptor and produced more P4, suggesting that the granulosa cells were transformed to luteal cells to some extent (Briers et al., 1993; Vanderstichele et al., 1994) . Considering the high levels of MDR1 in the luteal cells (Figs. 1  and 7) , we expect that the positive expression of MDR1 in cultured granulosa cells may be caused by the granulosa cell luteinization. However, it is not clear why MDR1 is activated when granulosa cells are differentiated to luteal cells and further studies are needed. The theca cell layers are believed to originate from ovarian stroma cells and are present in growing follicles (Young and McNeilly, 2010 ). Our results demonstrate that the presence of MDR1 in cells surrounding various stages of follicles is consistent with the dynamic development of theca cell layers and only the follicles with 2 or more layers of granulosa cells have positive signals (Figure 1) . Theca cell layers contain various cell types including the interna theca cells, blood vessels, and externa smooth muscle cell layers (Fraser and Duncan, 2009 ). The co-staining of MDR1 and a-SMA indicate that the MDR1 is expressed in both interna theca cells and endothelial cells of blood vessels but not in externa smooth muscle cells. It is believed that the expression of MDR1 in noncancerous cells functions to restrict the accumulation of toxic chemicals as well as to protect these tissues from chemical-induced toxicity (Thiebaut et al., 1987) . Here, we expect the similar function of MDR1 in the ovary. For example, the major function of interna theca cells is to secret androgens which can be further converted to estrone and E2 by granulosa cells and the blood vessels embedded in theca cell layers are responsible for providing nutrients and other factors to support follicle maturation (Young and McNeilly, 2010) , suggesting that the MDR1 expressed in the theca cell layers may exert the protective functions to maintain the normal ovarian steroidogenesis and follicle maturation. In addition to the ovary, we also found the positive expression of MDR1 in the endothelial cells of oviduct and luminal epithelial cells and endothelial cells in the uterus (Figure 1) . The expression and function of MDR1 in the oviduct and nonpregnant uterus was rarely studied, but the positive signals of MDR1 may also suggest the protective functions in these 2 organs.
MDR1 can recognize a broad range of structurally diverse compounds and more than 50 MDR1 substrates have been reported (Hodges et al., 2011) . Here, we selected DOX, a validated MDR1 substrate as well as a confirmed ovarian toxic chemical (Dantzig et al., 1996; Luker et al., 2001) , to determine the role of MDR1 in protecting against chemotherapy-induced ovarian toxicity. The dosage of DOX used for anticancer treatments ranges from 0.1 to 10 mg/kg which depends on the cancer type, disease progression, and patients' body size (Ferguson et al., 1993; Scheithauer et al., 1985) . After entering systemic circulation, the plasma concentration of DOX is maintained at 2-100 nM for 20-30 h and with DOX but not its metabolite-doxorubicinol as the primary cytotoxic chemical (Speth et al., 1988; Sturgill et al., 2000) . It has also been reported that 2-10 mg/kg of DOX significantly increased mouse ovarian follicle apoptosis and oocyte degeneration and reduced the ovulation rate and litter size in vivo (Ben-Aharon et al., 2010; Kropp et al., 2015; Roti Roti et al., 2012; Xiao et al., 2017) , and the DOX has dose-dependent toxicity on cultured follicles with LC50 at 75.5 nM in vitro (Xiao et al., 2017) . Therefore, in the current study, the human relevant exposure levels of DOX at 0-2 mg/kg and 0-100 nM were selected for in vivo and in vitro experiments, respectively, to assess whether the lack of MDR1 exacerbate the DOX-induced ovarian toxicity.
In the in vivo experiments, the results of superovulation, oocyte meiotic division, and fertility test in nonchemotherapy treated mice demonstrate that the lack of MDR1 does not impact both ovarian function and overall fertility in female mice (Figure 2) . However, the DOX dose-dependently increased the ovarian follicle apoptosis and decreased the number of superovulated oocytes in WT mice and these reproductive outcomes were further compromised in the female mice with MDR1 deficiency, indicating the protective functions of MDR1 on the DOXinduced ovarian cell damages (Figure 3 ). Since the DOX exhibits adverse impacts in multiple organs such as liver and heart, we further performed the in vitro studies to differentiate the local impacts from the systemic impacts. The Rho123 fluorescencestaining assay confirms that the MDR1 expressed in the stroma cells and thecal cell layers exhibit MDR1-mediated drug efflux activity (Figure 4) . Furthermore, the in vitro DOX exposure experiments demonstrate that the lack of MDR1 makes follicles more susceptible to the DOX-induced ovarian toxicity and this adverse impact does not require the global MDR1 deficiency as well as the systemic toxicity from DOX exposure ( Figure 5) .
The ovarian hormonal regulation of MDR1 has been reported in a few studies, however, the results are still controversial (Coles et al., 2009; Fukuda et al., 2006; Mutoh et al., 2006b) . Coles et al. (2009) found that both E2 and P4 upregulated the MDR1 expression in the JAR placental cells, while another study showed the E2 downregulated and P4 did not impact the MDR1 expression in human breast cancer cells, MCF-7 (Mutoh et al., 2006b) . In cultured porcine granulosa cells, results from Fukuda et al. (2006) showed that P4 increased MDR1 expression but E2 had no effect. These inconsistent results could be caused by different cell types and different hormone exposure strategies used in these studies. Consistent with recently published data (Brayboy et al., 2017) , we also found that mice have the highest Mdr1a/b expression levels in the estrus and metestrus stages. However, after comparing the individual serum E2 or P4 concentrations and the Mdr1a or Mdr1b expression levels in the ovaries, no significant correlation was observed, but the expression of both MDR1 isoforms are positively correlated with the P4/E2 ratios ( Figure 6 ). P4/E2 ratio is widely used as a biomarker to indicate the function of CL and to predict the success of in vitro fertilization and pregnancy (Elgindy, 2011; Kamada et al., 1992; Lee et al., 2009) . We therefore hypothesize that the dynamic changes of MDR1 expression maybe caused by the changed CL at different stages of estrous cycle. Our in vitro E2 and P4 exposure experiments confirm that the MDR1 expression is significantly increased in the ovaries with CL compared with the ovaries without CL; the ovarian expression of MDR1 is not regulated by E2 or P4 treatment but correlated with the numbers and status of corpora lutea (Figure 7) . However, since the ovarian explants with and without CL were collected from 16 to 26 days old mice, respectively, we cannot exclude the potential influence of age on the ovarian expression of MDR1 and more studies are necessary. It is not well understood why MDR1 is negative in the granulosa cells but activated and highly expressed in luteal cells, but we expect that it may exert the protective functions to maintain the normal progesterone secretion in the CL and prevent the progesterone insufficiency from xenobiotic exposure, which are critical for the successful establishment of uterine receptivity and embryo implantation (El Zowalaty et al., 2017; Wang and Dey, 2006) .
As the essential roles of MDR1 in inducing the multidrug resistance during chemotherapy, MDR1 inhibitors are currently investigated to overcome the MDR1-mediated efflux activities and to improve the anticancer drug delivery. For example, the third-generation of MDR1 inhibitors including tariquidar and zosuquidar have been tested in phase III clinical trials to determine whether they could prolong the efficacy of chemotherapeutics (Roe et al., 1999; Starling et al., 1997) . However, these MDR1 inhibitors also compromise the MDR1 functions in normal tissues and subsequently increase the chemotherapyinduced side effects (Wessler et al., 2013) . Furthermore, several human MDR1 genetic variants including the nonfunctional single nucleotide polymorphism have been discovered to affect the MDR1 efflux activity (Leschziner et al., 2007; Mutoh et al., 2006a; Sai et al., 2003) , which will also change the susceptibility of these people to the chemotherapy-induced side effects. With respect to the female reproductive system, the ovarian failure and infertility would be the major concerns among young female cancer patients because both the inactivation and inhibition of MDR1's efflux activity will promote the chemotherapy-induced ovarian toxicity and infertility. In conclusion, our study demonstrates that the lack of MDR1 promotes DOX-induced ovarian toxicity, suggesting the critical role of MDR1 in protecting female ovarian functions during chemotherapy.
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